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We construct the tensionless limit of bosonic string theory in terms of a family of worldsheets
with increasing acceleration and show that the null string emerges in the limit of infinite acceleration
when the Rindler horizon is hit. We discover a novel phenomenon we call null string complemen-
tarity, which gives two distinct observer dependent pictures of the emergence of open string physics
from closed strings in the tensionless limit. The closed string vacuum as observed by the inertial
worldsheet turns into a D-instanton in the tensionless limit, while in the complementary picture from
the accelerated worldsheet one sees the emergence of a D-25 brane. We finally discuss approaching
the Rindler horizon through time evolution at constant acceleration and also show how an open
string picture arises very naturally.
PACS numbers:
Introduction. The study of physics in accelerated frames
of reference is an intriguing and fruitful venture. Acceler-
ated observers in Minkowski spacetimes view the Rindler
metric and experience a horizon. The entire Minkowski
diamond not accessible to them anymore and in this
frame of reference, physics is thermal. Due to the un-
availability of information from beyond the Rindler hori-
zon, the density matrix of this accelerated observer is
related to that of an inertial Minkowski observer by par-
tially tracing over the inaccessible degrees of freedom.
All of this is of course well understood and is very use-
ful for black hole physics since the near-horizon limit of
a black hole typically yields a Rindler spacetime. Our
discussions in this paper are rather unique. We want to
understand aspects of Rindler physics on the worldsheet
of a closed string. Our motivation for doing so is also
rather novel, as we elaborate below.
String theory is currently the most promising of av-
enues for formulating a theory of quantum gravity. One
of its primary endearing features is the paucity of tune-
able parameters. The free theory has only one, the length
of the fundamental string (`s). `s → 0 reduces the string
to a point particle and the theory to the well understood
Einstein’s theory of general relativity. In this work, we
are interested by the other extreme limit, where `s →∞
[1]. This bizarre limit corresponds to the ultra-stringy
regime of string theory that is very different to Einstein’s
theory. The quantum version of this theory would be
“very stringy” quantum gravity. This limit also takes
the tension of the fundamental string to zero. Our ob-
jective in this paper is to formulate the decreasing string
tension in terms of accelerated string worldsheets.
The tensionless string is a null string with a degener-
ate worldsheet metric. We will show in this paper that
the worldsheet analogue of hitting the Rindler horizon
leads to the formation of the null string. Rindler ob-
servers can approach the horizon in two distinct ways:
time evolution at a fixed acceleration or evolution in ac-
celeration at a constant time. The limit from the tensile
to the tensionless string can also be formulated in terms
of increasingly accelerated worldsheets or time-evolution
on a constant acceleration worldsheet. We shall follow
both routes with interesting consequences, the most in-
triguing amongst which is what we call null string com-
plementarity. Depending on whether the observer sits on
an inertial worldsheet and observes an accelerated one,
or vice-versa, she sees the emergence of different com-
plementary boundary states as the closed string becomes
tensionless. The inertial worldsheet sees the accelerated
closed string vacuum evolve into a spacetime point, a D-
instanton, while the infinitely accelerated observer sees
the inertial vacuum grow into a spacefilling D-25 brane.
No one observer has access to both pictures.
Rindler Physics. Accelerated observers in Minkowski
spacetimes moving on trajectories x2 − t2 = κ−2 (κ is
proper acceleration) describe Rindler space with metric
ds2R = e
2aξ(−dη2 + dξ2). (1)
Minkowski and Rindler spacetimes are linked by:
t =
1
a
eaξ sinh aη, x =
1
a
eaξ cosh aη. (2)
where κ = ae−aξ, a is the redefined acceleration. (2) is
for the right Rindler wedge only (R : |t| < x, x > 0).
There is an equivalent left wedge (L : |t| < x, x < 0), for
which Eqs (2) pick up negative signs.
We now consider a massless scalar field theory in
Rindler spacetime [2]. Since flat and Rindler back-
grounds are conformally related, the equations of motion
(EOM) for the field are same:
t,xφ = 0 = η,ξφ. (3)
For the Minkowski solution, now defined on a cylinder
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FIG. 1: Equal time slices in Rindler spacetimes
(σ, τ), the wave equation is solved by
φ(σ, τ) = φ0 +
√
2α′α0τ (4)
+i
√
α′
2
∑
n
[αn
n
e−in(τ+σ) +
α˜n
n
e−in(τ−σ)
]
where oscillators satisfy [αn, αm] = nδn+m and annihilate
the Minkowski vacuum |0〉M . To match with usual scalar
field modes, we write (4):
φ(σ, τ) = φ0 +
√
2α′α0τ (5)
+
√
2piα′
∑
n>0
[αnun + α−nu∗n + α˜nu˜n + α˜−nu˜
∗
n]
where un =
ie−in(τ+σ)√
4pin
, u˜n =
ie−in(τ−σ)√
4pin
. Similarly, we
write the Rindler mode expansion as
φ(ξ, η) = φ0 +
√
2α′β0ξ (6)
+
√
2piα′
∑
n>0
[βnUn + β−nU∗n + β˜nU˜n + β˜−nU˜
∗
n]
where the mode functions are now defined as
Un =
ie−in(ξ+η)√
4pin
, U˜n =
ie−in(ξ−η)√
4pin
. (7)
The oscillators (β, β˜) now act on a new vacuum |0〉R.
Importantly, Un is only defined in the L wedge (hence
called U
(L)
n ) and U˜n only in the R wedge (U
(R)
n ), unlike
flat space. For continuing between wedges one needs to
define smearing functions. The combinations analytically
continued in both wedges take the form [3]:
U (R)n − e−
pin
a U
(L)∗
−n , U
(R)∗
−n − e
pin
a U (L)n . (8)
Using these combinations of modes lead us to Bogoli-
ubov transformations between the two sets of oscillators
in Rindler and Minkowski space with a form [3]:
βn =
epin/2a√
2 sinh pina
αn − e
−pin/2a√
2 sinh pina
α˜−n, (9a)
β˜n = − e
−pin/2a√
2 sinh pina
α−n +
epin/2a√
2 sinh pina
α˜n. (9b)
Eq. (9) forms the backbone of our analysis in this paper.
Intrinsic look at Tensionless strings. The starting point
of our recapitulation is the action [4]
SILST =
∫
d2ξ V αV β∂αX
µ∂βX
νηµν (10)
(10) can be obtained from the Polyakov action for the
bosonic string as tension T → 0 [4], where vector densi-
ties V α replace the degenerate worldsheet metric. Like
in tensile string theory, (10) enjoys worldsheet diffeo-
morphism symmetry and needs to be gauge fixed. In
V α = (1, 0) gauge, the residual symmetry is
[Ln, Lm] = (n−m)Ln+m + cLδn+m,0(n3 − n),
[Ln,Mm] = (n−m)Mn+m + cMδn+m,0(n3 − n),
[Mn,Mm] = 0. (11)
This is the BMS3 algebra (here with cL = cM = 0),
which also arises as the asymptotic symmetries of 3d flat
spacetimes at its null boundary [5], and has been used to
construct a notion of Minkowskian holography following
[6]. For tensionless strings BMS3 replaces the two copies
of the Virasoro algebra that dictate the construction of
tensile strings [7].
In V α = (1, 0) gauge, the EOM of V α give constraints
while the EOM for X takes a simple form:
X¨µ = 0; Constraints: X˙ ·X ′ = 0, X˙2 = 0. (12)
With closed string boundary conditions Xµ(τ, σ) =
Xµ(τ, σ + 2pi), EOM can solved by [8]
Xµ(σ, τ) = xµ+
√
c′
2
Bµ0 τ+i
√
c′
2
∑
n6=0
1
n
(Aµn − inτBµn) e−inσ.
(13)
In the above, c′ is a length-scale introduced for dimen-
sional consistency. This expansion also leads to the con-
straints in the form
Ln =
1
2
∑
m
A−m ·Bm+n, Mn = 1
2
∑
m
B−m ·Bm+n. (14)
A,B are not the usual harmonic oscillator modes:
[Am, An] = [Bm, Bn] = 0; [Am, Bn] = 2mδm+n. (15)
The algebra of constraints leads to the BMS3 algebra as
before. We transform (A,B) into a harmonic oscillator
basis:
2Cµn = (A
µ
n +B
µ
n), 2C˜
µ
n = (−Aµ−n +Bµ−n). (16)
C, C˜ now have canonical commutation relations analo-
gous to tensile α oscillators. Mode expansion in terms of
these C modes reads [9]
Xµ(σ, τ) = xµ + 2
√
c′
2
Cµ0 τ + i
√
c′
2
(17)
×
∑
n 6=0
1
n
[
(Cµn − C˜µ−n)− inτ(Cµn + C˜µ−n)
]
e−inσ
3with zero modes Cµ0 = C˜
µ
0 =
√
c′
2 k
µ.
Tensionless strings as a Carrollian limit. In the discus-
sion above, the string tension was put exactly to zero.
Now we describe a limiting procedure on the worldsheet
coordinates that takes the tension to zero [7, 8]:
σ → σ, τ → τ, α′ → c′/, → 0. (18)
This sends the worldsheet speed of light to zero and is
called an Ultra-Relativistic (UR) or a Carrollian limit.
In this limit, the worldsheet becomes a 2d Carrollian
manifold [10, 11], with a degenerate metric which is the
defining feature of a tensionless or a null string. The
worldsheet symmetry generators contract
Ln = Ln − L¯−n, Mn = (Ln + L¯−n), (19)
(here Ln, L¯n generate the tensile Virasoro algebra) and
close to form BMS3. Comparing tensile modes (analogue
of (4)) and the tensionless expansions (13) we get
Aµn =
1√

(
αµn − α˜µ−n
)
, Bµn =
√

(
αµn + α˜
µ
−n
)
. (20)
All classical physics of the tensionless string can be repro-
duced by following this UR limit. The Carrollian limit
is usual perceived as a limit on velocities and hence an
infinite boost. The tensionless limit is thus an infinite
boost on the Riemannian worldsheet of a tensile string
that turns it into a degenerate Carrollian worldsheet.
Interestingly, switching to the language of C oscilla-
tors, we find the emergence of a worldsheet Bogoliubov
transformation:
Cµn =
1
2
(√
+
1√

)
αµn +
1
2
(√
− 1√

)
α˜µ−n,
C˜µn =
1
2
(√
− 1√

)
αµ−n +
1
2
(√
+
1√

)
α˜µn, (21)
Although the C oscillators have been defined near → 0,
curiously at  = 1 they reduce to the α oscillators. This
encourages us to define a flow valid throughout the pa-
rameter space  ∈ [0, 1]. For any evolving oscillator C()
interpolating between α for  = 1 and (21) near  → 0,
the vacua defined by the flow |0()〉 changes continuously
with :
|0()〉 : Cn()|0()〉 = C˜n()|0()〉 = 0, ∀n > 0. (22)
An evolution in boost can only lead to changes in physics
(e.g. change in vacuum structure, changes in spectrum)
in the limit of infinite boosts. This  evolution changes
the vacuum continuously and hence cannot be thought of
as an evolution in boosts. As we will now see, this evo-
lution in parameter-space is very naturally explained by
accelerating string worldsheets. The identification (21)
stays valid near → 0, while a map for the whole of the
parameter space emerges through acceleration.
Reaching the Horizon I: Evolving in acceleration. We
now build the string equivalent of a Rindler observer ap-
proaching the Rindler horizon by considering a family of
worldsheets with increasing values of acceleration. In the
limit of large acceleration, the Bogoliubov coefficients (9)
become:
β∞n =
1
2
(√
pin
2a
+
√
2a
pin
)
αn +
1
2
(√
pin
2a
−
√
2a
pin
)
α˜−n
β˜∞n =
1
2
(√
pin
2a
−
√
2a
pin
)
α−n +
1
2
(√
2a
pin
+
√
pin
2a
)
α˜n.
(23)
This limit takes us very near the lightcone. Comparing
(23) with (21), we see that we can make the identification
Cn = β
∞
n , C˜n = β˜
∞
n ,  =
pin
2a
(24)
The limit of zero tension is thus the limit of infinite ac-
celeration
→ 0⇒ a→∞ (25)
This is because the equivalence has to hold for all n. [17]
The evolution in parameter space alluded to earlier is
thus clearly an evolution in terms of accelerated world-
sheets defined for all values of acceleration. This picture
of a family of accelerated worldsheets ties in nicely with
our earlier description of the UR limit as the limit of
infinite boost and the limit of infinite acceleration both
land up on the horizon of Rindler spacetime, which in
the string analogue is equivalent to the null string.
The flow in acceleration is a flow from the tensile to the
tensionless string. Hence increasing acceleration amounts
to decreasing string tension, with a = 0 being the tensile
theory and a→∞ the tensionless null string. This flow
is now described for all values of acceleration giving us
a complete interpolating solution. The string oscillator
construction through the flow is described in terms of the
interpolating β oscillators, defined in (9). At a = 0, from
(9), we see that β reduces to tensile string α oscillators.
For intermediate values of a, i.e. 0 < a <∞, we have the
β oscillators. Very near the lightcone, as a → ∞, the β
oscillators take the form of the tensionless C oscillators.
a = 0 : {βn, β˜n} → {αn, α˜n} (26a)
0 < a <∞ : {βn(a), β˜n(a)} (26b)
a→∞ : {βn, β˜n} → {Cn, C˜n} (26c)
We will now use these oscillators to understand the evo-
lution of vacuum structure of the string.
Structure of accelerated vacua. The vacuum conditions
on these accelerated worldsheets are:
βµk |0(a)〉 = (αµk + tanh θk α˜µ−k)|0(a)〉 = 0, k > 0;
β˜µk |0(a)〉 = (α˜µk + tanh θk αµ−k)|0(a)〉 = 0. (27)
4where tanh θk = − exp (−pika ). Written in terms of the
tensile closed string vacuum |0〉α, the accelerated vacuum
is a squeezed state:
|0(a)〉 =
∞∏
k=1
1
cosh θk
exp
[
− tanh θk
k
α†k · α˜†k
]
|0〉α. (28)
As a→∞, the map to  (24) emerges. We find tanh θ =
−1
+1 , so tanh θ → −1 as → 0, and the resulting limiting
vacuum state |0〉c is
|0〉c = lim
a→∞ |0(a)〉 =
1
N
∞∏
n=1
exp
[
1
n
α†n · α˜†n
]
|0〉α. (29)
Here N is a normalisation constant. Relations between
C and α are invertible and |0〉α can be expressed in terms
of |0(a)〉. This would be the string equivalent of a Rindler
observer looking at her Minkowski counterpart. As a→
∞, we find:
|0〉α = 1N ′
∞∏
n=1
exp
[
− 1
n
C†n · C˜†n
]
|0〉c. (30)
FIG. 2: Increasing accelerated worldsheets.
Boundary states and Null string complementarity. A
tensile closed string field X(σ, τ) which maps the world-
sheet to spacetime is given by a mode expansion anal-
ogous to (4). D-branes arise as boundary states on the
closed string worldsheet CFT. For a boundary located at
τ = 0 on the worldsheet, the possibilities are [12]:
N: ∂σX(σ, τ)|B1〉 = 0 ≡ (αn + α˜−n)|B1〉 = 0. (31a)
D: ∂τX(σ, τ)|B2〉 = 0 ≡ (αn − α˜−n)|B2〉 = 0. (31b)
where N and D stand for Neumann and Dirichlet condi-
tions respectively. This can be solved explicitly to obtain:
N: |B1〉 = N1
∞∏
n=1
exp
[
−α
†
n · α˜†n
n
]
|0〉α, (32a)
D: |B2〉 = N2
∞∏
n=1
exp
[
α†n · α˜†n
n
]
|0〉α. (32b)
We see that in terms of α oscillators and the α vacuum
(29), |0〉c is a Dirichlet boundary state in all directions,
while in terms of the C oscillators and the C vacuum
(30), |0〉α is a Neumann boundary state (again in all di-
rections). Thus an open string description emerges from
the closed string vacuum as tension goes to zero. This
can be further clarified by looking at the oscillators. Us-
ing (21) the conditions for the C vacuum (22) translates
into[(√
+
1√

)
αµn
2
+
(√
− 1√

)
α˜µ−n
2
]
|0〉c = 0
In the strict limit → 0, we end up with
(αµn − α˜µ−n)|0〉c = 0. (33)
In terms of the usual string vacuum |0〉α, this zero ten-
sion groundstate |0〉c is thus a D-instanton, which is a
Dirichlet boundary state in all spacetime directions [13].
An analogous calculation yields
(Cµn + C˜
µ
−n)|0〉α = 0 (34)
Thus, from the point of view of the C observer, the tensile
string vacuum develops into a D-25 brane.
We now physically describe this process, the one we
will call the null string complementarity. For an ob-
server in tensile string theory with vacuum |0〉α look-
ing at strings with decreasing tension, the completely
tensionless string appears as a spacetime point, a D-
instanton. There is a complementary point of view of
accelerated vacua looking at |0〉α vacuum. To the ob-
servers in this continuous 1-parameter family of vacua,
the usual closed string looks more and more distorted
and ultimately the tensionless observer looking at the
usual string sees a spacefilling D-25 brane [14]. This is
a closed to open string transition. The complementary
picture of the formation of the D-instanton fits in rather
wonderfully with Rindler worldsheets. This is a “dual”
picture of the formation of an open string from a closed
string in the tensionless limit, as seen by observer sitting
in the α-vacuum.
We pictorially depict the above process in Fig 2. The
“inertial” closed string worldsheet is the cylinder on the
extreme left with acceleration a = 0. For increasing ac-
celerations ai (a1 < a2 < a3), the worldsheet can be
given by increasingly distorted hyperboloids. Ultimately,
at a → ∞, the worldsheet becomes the lightcone. The
boundary states in (31) are defined at τ = 0, hence to
understand their formation we consider the τ = 0 cross-
sections depicted at the bottom of Fig 2. Increasingly ac-
celerated worldsheets result in circles of lower and lower
radius, until at a → ∞, we get a point. This spacetime
point is what is the D-instanton described above math-
ematically. The complementary picture is that when
viewed from the |0〉c, |0〉α becomes a longer and longer
5FIG. 3: Equal time-slices of a Rindler worldsheet
string, gradually filling up all of spacetime to form a D-25
brane when the tension goes to zero [14].
Reaching the Rindler Horizon II. Finally, we discuss
reaching the Rindler horizon at constant acceleration by
evolving in time. We are interesting in Rindler time. So
this is a limit η →∞. We will equivalently view this as
η → η, ξ → ξ, → 0. (35)
To understand this limit, we rewrite the 2d conformal
generators in Rindler spacetime (we put a = 1):
Ln, L¯n = ± i
n
2
en(ξ−η)(∂η ∓ ∂ξ). (36)
In the limit → 0, we get
Ln = Ln − L¯−n = ine−nη(∂η − nξ∂ξ),
Mn = (Ln + L¯−n) = −ine−nη∂ξ (37)
This closes to form the classical part of the BMS alge-
bra (11) (i.e. cL = cM = 0), as expected. This is again
thus the null string, which we had expected. A detailed
analysis about aspects of Rindler physics on constant ac-
celerated worldsheets would be presented elsewhere [15].
We now present a particularly intriguing picture that
arises naturally on constant acceleration worldsheets.
Notice that in Rindler spacetime, as depicted in Fig 1,
constant Rindler time (η) slices are straight lines through
the origin with increasing slope on the Rindler R-wedge,
depicted by ηi (η1 < η2 < η3). At η → ∞, this hits the
lightcone. On the L-wedge however, time runs backwards
and the same slices are obtained by continuing R-wedge
lines backwards into the third quadrant. For the string
worldsheet at constant acceleration, the analogous pic-
ture is Fig 3. Increasing η planes intersects the constant
hyperboloid at increasing angles. The η-evolution of the
closed string is shown in the boxes below. The circular
closed string at the initial η = 0 slice gets deformed as
η evolves. The tension decreases, the string gets longer
and longer as given by the ellipses of increasing eccentric-
ity. Ultimately, when η → ∞, the lightcone is hit, the
cross-section becomes a straight-line (an ellipse with ec-
centricity = 1). The BMS algebra appears on the world-
sheet as shown above. The string becomes tensionless
and transitions into an open string from a closed one.
Conclusions. In summary, we have shown that Rindler
physics on the worldsheet of the string captures many
intriguing aspects of the tensionless string, including the
emergence of open strings from closed strings and the re-
markable null string complimentarity. Our results would
be particularly interesting for studies of strings near black
holes where the near-horizon Rindler spacetime would
induce a Rindler structure on the worldsheet. It has
been speculated that strings grow long and hence be-
come tensionless near black hole horizons [16]. We have
provided the tools for understanding this phenomenon
from the worldsheet in this work. Details on this, as well
as connections to thermal physics and entanglement on
the worldsheet, would be elaborated on in [15].
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